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Abstract In the first part of this work, phase behavior
data of Brazilian stock tank oil and carbon dioxide are
reported. The statical synthetical method was used. This
technique consists of injecting known amounts of stock
tank oil and carbon dioxide in an equilibrium cell, from
which the bubble point is detected by an infrared device for
a given temperature and then the corresponding pressure is
recorded. In the second part of this work, thermodynamics
modeling of experimental data was performed. The mod-
ified Peng–Robinson equation of state was used for pre-
dicting saturation pressure. A strategy for the estimation of
the C20? fraction is discussed by considering the critical
pressure along with the Chueh Prausnitz binary interaction
parameters. Results show that the saturation pressure of the
system Marlim/CO2 is strongly affected by the concentra-
tion of carbon dioxide, while temperature exhibits unex-
pected effects on the phase transition pressure.
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Introduction
A significant number of enhanced oil recovery (EOR)
techniques focus on increasing the displacement efficiency
as their main recovery mechanism by injecting carbon
dioxide. Carbon dioxide flooding is among the most
promising EOR methods in heavy oil reservoirs and has
been successfully used in a number of worldwide basins
where other enhanced oil recovery (EOR) techniques are
not applicable (Danesh 1998). Carbon dioxide becomes
supercritical when injected under field conditions, and as a
consequence it can recover more oil with the additional
benefit of considerably reducing greenhouse gas emissions.
Several factors affect the mobilization efficiency. These
factors include rock geometry, pore structure, flooding rate
and fluid properties (Yuan et al. 2003). During the flooding
process, CO2 is injected into the formation to highly en-
hance the mobility of the contacted oil, thus promoting its
displacement towards the production. Oil mobility is im-
proved because the solubility of CO2 in oil causes both a
reduction of viscosity and increases the oil volume (Ped-
ersen et al. 1989). The solubility of CO2 in oil fraction
constitute key factor for EOR successful projects and thus,
the study of phase behavior of the crude oil/CO2 is the first
and fundamental step for understanding oil recovery
mechanism in petroleum reservoirs. Knowledge about the
phase behavior of crude in solvent of low molecular weight
and petroleum fluids is important in the petroleum industry,
for primary production (Pedersen et al. 1989), enhanced oil
recovery, gas injection (Pedersen et al. 1989) and re-injec-
tion (Yuan et al. 2003), pipeline transportation, deasphalt-
ing process and petroleum processing and refining. The
maximum oil production can be reached when well is op-
erated at pressure close to the saturation pressure (Katz and
Firoozabadi 1978). Therefore, the knowledge of the
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saturation pressure (phase transition or first bubble point) is
a fundamental step for oil production. In this work, we re-
port experimental phase transition data of a mixtures
composed by a Brazilian stock tank oil and carbon dioxide
in a temperature range 45–120 C and over a carbon
dioxide concentration range from 16.6 to 35 % in weight.
Experimental section
Materials
The carbon dioxide used in this work was supplied byWhite
Martins S.A at purity higher than 99.5 %. The stock tank oil
is a heavy crude petroleum commonly known as Marlim
petroleum (API degree between 15 and 20) and was kindly
provided by Cenpes/Petrobras-Brazil. Table 1 presents the
compositional analysis of the marlim oil used in this work.
Apparatus and experimental procedure
The experimental scheme used in this work is based on the
static synthetic method shown in Fig. 1.
The equilibrium cell assembly of the cell begins with the
adjustment of the piston o-rings tightness. This step re-
quires special care, because piston tightening should not be
weak (This will allow fluid passage into the cell and
changing the overall composition) and at the same time
should not be too strong to avoid a pressure drop between
the sample and the process line.
The experimental procedure begins by loading CO2 into
the syringe pump chamber. Since at room temperature
(298 K) CO2 is a gas, the mere opening of the valve of the
cylinder containing the gas is not enough to move a suf-
ficient amount of solvent into the syringe pump chamber.
Usually, with the cylinder valve and V1 opened for about
30 min and V2 closed, the temperature of the syringe pump
chamber is kept at 283 K. This arrangement allows a nat-
ural flow from room temperature (gas cylinder) up to the
reduced temperature range (syringe pump). While the
chamber is being filled, the cell assembly can be started by
inserting a precise amount of stock tank oil into the cell
together with the magnetic bar. The cell is then closed and
connected to the process line. Keeping V5, V6, and V7
closed, V2, V3 and V4 are opened. With V1 closed, the
entire line is pressurized using the syringe pump and sta-
bilized at 15 MPa and 283 K. The stabilization of the
system (zero pump flow) requires about ten to 15 min, and
should be done carefully because any trace of flow may
lead to systematic errors on the determination of volume of
injected CO2. Once the system is stabilized, the volume of
CO2 inside the syringe pump chamber is recorded and a
given volume of gas is injected into the cell through the
micrometric valve V7. Once the CO2 injection process
concludes, the pressure of the system is lowered to 5 MPa
and the valve V6 is opened (keeping V1, V7, V5 closed and
V2, V3, V4 opened). A sequence of procedures aiming to
obtain a monophasic system is then started. The system is
continuously stirred and the pressure inside the cell
gradually increased until the condition of a single-phase
system is obtained. Then the saturation pressure of the
system is measured at four temperatures (namely: 363, 373,
383 and 393 K). For this purpose, the heating device is
turned on and monitored by a PID controller device. For a
given temperature, the pressure is gradually reduced
though the syringe pump controller at a rate 0.05 MPa per
minute. This rate of pressure reduction is sufficient to
minimize the mass transfer resistance.
For saturation pressure measurements, the light source
from the lateral window of the equilibrium cell is turned on
and a digital microscope with infrared device accurately
allows recording precise phase transitions at low (or even
without eye) visibility. The digital microscope used in this
work can magnify the image of the equilibrium cell up to
200 times with high resolution. This latter detail is espe-
cially useful, not only for phase transition observation but
also for detecting solid phase precipitation.
Thermodynamic modeling
The modified Peng–Robinson equation
The Peng–Robinson equation of state (EOS) (Peng and
Robinson 1976) is given by
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where Tc, Pc and x are the critical temperature, the critical
pressure and the acentric factor, respectively, and Tr is the
reduced temperature Tr ¼ TTc
 
.
For components with large acentric factor value
(x[ 0.49), the following function is used




For P–V–T data correlations, the Peng–Robinson (PR)
equation of state (EOS) represents a significant
improvement when compared to the Soave–Redlich–
Kwong (SRK) equation of state. While the SRK equation
predicts that the critical compressibility factor Zc is 0.333
and, consequently, poor liquid density predictions are
obtained; the value of Zc predicted by the PR EOS is
0.307. It is important to emphasize here that the
experimental value of Zc for hydrocarbons is 0.29 or
less.
Fig. 1 Scheme of the static synthetic method used in this work. V1
Needle valve (HIP, Model 15-12AF2). When opened, allows the flow
of CO2 or from the cylinder to the chamber of the syringe pump. V2
Two-way valve (HIP, Model 15-AF1). This valve can be connected to
one or two syringe pumps and is used to inject CO2 or gas from the
syringe pump into the process line. V3, V4 and V6 Needle valves
(Autoclave Engineers, Model MVE 1001). The function of these
valves is to cut or allow the flow in a given line. The valve V4 is used
to isolate the unit from the pressure pump during assembly and
disassembly of the equilibrium cell, and thus avoid gas or CO2 loss.
The valve V3 is used to isolate the pressure transducer during the
discharge process of the system and prevent any solute entry into the
pressure transducer diaphragm if an inadequate procedure happens
during the discharging process. The valve V6 has the function of
avoiding any fluid flow to the piston during the gas or the CO2
injection into the cell. When this valve is opened, the pressurization or
depressurization of the sample takes place through the piston
displacement. PT e and MP are respectively a pressure transducer
and pressure indicator. V7 Needle valve (Autoclave Engineers, Model
MVE 1001). This valve is used as feeding valve to inject a
compressed fluid into the cell and is suitable for a rigorous control
of the fluid flow being injected. V5 Flush needle valve (HIP Model
1511AF1). Used for flushing the system and the cell depressurization.
This valve is also used for gas removing during the two-stage
recombination process. V8 One-way valve (HIP Model 15-41AF1).
This valve allows the flow in one way and is used together with V5 to
remove the gas from the pressurized system to the ambient, during the
recombination process
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A third parameter—usually referred as c or volume shift
parameter—could be then introduced through the follow-
ing relation:




where v(3) is the corrected third parameter volume while
v(2) is the volume predicted by the two parameter equation.
The shift in volume leads to a convenient reduction of the Z
factor. The values of ci are commonly calculated by
comparing the observed liquid molar volume at standard
condition of temperature (Tst) and pressure (Pst) with that
obtained by the two parameter EOS at the same conditions.
The difference determines the ci for component i.
ci ¼ vEOSðPst; TstÞ  vOBSðPst; TstÞ ð6Þ




where bi is the pure component co-volume as defined
above.
The volume shift correction has no effect on the isofu-
gacity condition and thus, it does not affect other predicted
equilibrium properties like the saturation pressure and
K values.
Application of the EOS to fluid mixtures requires a
mixing rule to describe the mixture from the properties of
its pure constituents. For hydrocarbon systems, the van der















where bi, and ai are the pure component parameters given
by Eqs. (2) and (3), respectively
xi represent the molar fraction of component i.
EOS tuning
The kij are usually referred as Binary Interaction Pa-
rameters (BIP) and are usually calculated by parameteriz-
ing the EOS with experimental K values (Katz and
Firoozabadi 1978). For hydrocarbon systems, BIPs are
commonly set to zero, except for describing interactions
between non-hydrocarbon and hydrocarbon and between
light and heavy hydrocarbons.
An alternative method for evaluating BIPs was proposed
by Chueh and Prauznitz (1968):


















where vci is the critical molar volume of the component i.
The value of B is commonly fixed to 6 and the coefficient
A is adjusted to match measured saturation pressures of the
mixture. Since correlations for critical pressure are in
general less accurate than correlations for critical tem-
perature, the critical pressure of the C20? fraction together
with the binary interaction parameter C20?/CO2 was used
as regression variables to fit experimental pressure satura-
tion data with the modified Peng–Robinson EOS. Regres-
sion was done at fixed CO2 composition (30 % in mass).
Then, the resulting parameters were used to calculate
saturation pressure at other concentrations (20, 25 30 and
35 %).
Results and discussion
Figure 1 shows pictures of the two-phase system (1),
monophasic system (2) and the arising of the first bubble
(3). Results are presented in Table 2 and in Figs. 2 (P–w
diagram) and 3 (P–T diagram). As can be observed, the
phase transition detection device used is very suitable. At
this stage and prior to any further information, it is
Table 2 Experimental saturation pressure of marlim oil/CO2 system
T [K] CO2 mass %
16.5 20 25 30 35
Psat [bar]
318.15 ± 0.1 64.4 ± 2 85 ± 1.8 179.1 ± 0.1
343.15 ± 0.2 91.7 ± 1.5 112.5 ± 2 196.35 ± 0.3
363.15 ± 0.2 108 ± 1.6 145 ± 2 191 ± 1.8 231 ± 0.2 298 ± 1.8
373.15 ± 0.3 115 ± 2.3 152 ± 2.1 196 ± 1.8 239 ± 0.4 310 ± 1.8
383.15 ± 0.4 121 ± 2.1 159 ± 1.7 204 ± 1.8 251 ± 0.1 320 ± 1.8
393.15 ± 0.5 127 ± 1.8 166 ± 1.9 212 ± 1.8 259 ± 0.3 330 ± 1.8
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important to highlight that this direct measurement of
saturation pressures without any additional treatment of
images is reported by the first time in literature (Fig. 3).
Comparison of Figs. 3 and 4 shows that the effect of
temperature on phase transition pressures is smooth when
compared to the effect of carbon dioxide concentration. For
example, at constant CO2 concentration, a difference of 10
degrees in temperature leads to a change of 9 bars on the
phase transition pressure, while the expected pressure
change is 20 bar. In contrast, at constant temperature, a
difference of 5 % in CO2 concentration leads to a variation
of 50 bar. Accordingly, the phase behavior of the system is
highly affected by CO2 concentration.
As can be observed from Fig. 5, the three-parameter
Peng–Robinson Equation of state exhibited a good per-
formance in correlating the saturation pressure data. This
means the strategy of tuning the equation was successful.
At carbon dioxide concentrations higher than 25 %, an
unusual behavior was observed with the appearance of
small like solid segregated particles in the liquid phase
Fig. 2 Phase transition recorded from infrared microscope device: a two-phase system, b monophasic system, c first bubble
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Fig. 3 P–w diagram of the system marlim oil/carbon dioxide at
several temperatures
































Fig. 4 P–T diagram of the system marlim oil/carbon dioxide at
several temperatures
































Fig. 5 Comparison of experiments and thermodynamics model
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(Fig. 6) followed by the dissolution of these particles if the
system is kept under agitation during 6 h. This behavior
has no effect on transition pressure. Figure 6a shows the
vapor liquid equilibrium of Marlim oil/CO2 with a mass
fraction 30 % of CO2 at temperature equal to 383 K and
pressure equal to 200 bar. Figure 6a shows a zoom of the
liquid phase with the appearance of solid particles.
Conclusions
In this work, experimental data and thermodynamic mod-
eling of the system with carbon dioxide/Marlim at high
temperature and high pressure were presented. These data
are useful for EOR investigations. Result shows that the
temperature has a minor effect to the saturation pressure of
the system in contrast to the carbon dioxide concentration
which showed stronger influence. The modified Peng–
Robinson EOS tuned with the critical pressure of C20? was
suitable to correlate the saturation pressure of the system
marlim oil/carbon dioxide.
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